This paper discusses the performance of the latest version of the International Reference Ionosphere (IRI-2012) model for estimating the vertical total electron content (VTEC) variation over Ethiopian regions during the rising phase of solar cycle 24 (2009-2011). Ground-based Global Positioning System (GPS) VTEC data, inferred from dual-frequency GPS receivers installed at Bahir Dar (geographic latitude 11.6°N and longitude 37.35°E, geomagnetic latitude 2.64°N and longitude 108.94°E), Nazret (geographic latitude 8.57°N and longitude 39.29°E, geomagnetic latitude −0.25°N and longitude 111.01°E), and Robe (geographic latitude 7.11°N and longitude 40.03°E, geomagnetic latitude −1.69°N and longitude 111.78°E), are compared to diurnal, monthly, and seasonal VTEC variations obtained with the IRI-2012 model. It is shown that the variability of the diurnal VTEC is minimal at predawn hours (near 0300 UT, 0600 LT) and maximal between roughly 1000 and 1300 UT (1300-1600 LT) for both the experimental data and the model. Minimum seasonal VTEC values are observed for the June solstice during the period of 2009-2011. Moreover, it is shown that the model better estimates diurnal VTEC values just after the midnight hours (0000-0300 UT, 0300-0600 LT). The modeled monthly and seasonal VTEC values are larger than the corresponding measured values during the period of 2009-2010 when all options for the topside electron density are used. An important finding of this study is that the overestimation of VTEC values derived from the model decreases as the Sun transitions from very low to high solar activity. Moreover, it is generally better to use the model with the NeQuick option for the topside electron density when estimating diurnal, monthly, and seasonal VTEC variations.
Background
The ionosphere is a highly variable and complex physical system where ions and electrons are present in quantities sufficient to affect the propagation of radio waves (Matsushita and Campbell 1967) . Free electrons populating this region of the atmosphere affect the propagation of the radio signals, changing their speed and direction of travel. Hence, the accumulation of electrons affects the electromagnetic waves that pass through the ionosphere by inducing an additional transmission time delay (Klobuchar et al. 1996) . This delay is directly proportional to the number of free electrons in a cylinder of unit cross-section along the signal path extending from the satellite to the receiver on the ground and inversely proportional to the square of the frequency of the transionospheric radio wave (Hofmann-Wellenhof et al. 1992; Misra and Enge 2006) . Due to the unique geometry of the magnetic field, these phenomena are most pronounced in low-latitude and equatorial regions such as Ethiopia. In such regions, the plasma density in the ionosphere shows significant variations with time of day, latitude, longitude, season, and solar and geomagnetic activity, which can result in a variation of different parameters such as total electron content (TEC). The daytime equatorial and low-latitude ionosphere is characterized by an F region electron density trough at the geomagnetic equator and two crests within ±20°mag-netic latitude. The F region density, in particular, represents the greatest contribution to the maximum TEC in the ionosphere, which can significantly affect radio wave propagation.
It is apparent that most of our knowledge of the ionosphere comes from remote sensing techniques. As a result, ground-or space-based instruments have been employed to gain a better understanding of the ionosphere. One of the tools that have been used extensively for such purposes is the Global Positioning System (GPS). For ionospheric characterization, GPS observations allow the study of dispersive propagation properties of the ionosphere for trans-ionospheric radio wave propagation. The signals from the GPS satellites travel through the ionosphere on their way to receivers on the ground; however, the free electrons accumulated in this region of the atmosphere affect the propagation of the signals by changing their velocity and direction of motion. Consequently, according to Ioannides and Strangeways (2000) , GPS signals cannot travel along a perfectly straight line and reach the desired position in the time expected. According to Reddy (2002) , this delay in the GPS signal is directly proportional to the TEC. Hence, TEC is considered the major cause of ionospheric effects on the radio wave propagation system. It can be expressed in total electron content units (TECUs) as follows:
where 1 TECU = 1 × 10 16 electrons m − 2 . The TEC in the ionosphere shows diurnal, monthly, and seasonal variability. It also varies with the activity of the Sun, with highest TEC values generally occurring during periods of high solar activity, while the lowest values are observed during periods of low solar activity. The GPSderived TEC (GPS-TEC) utilized in this study can be obtained employing pseudorange and carrier phase measurements given as follows.
The TEC inferred from the pseudorange measurement is given by:
Similarly, the TEC from carrier phase measurement can be given as:
where f 1 and f 2 can be related with the fundamental frequency, f ο = 10.23 MHz
In spite of some ambiguity, according to Gao and Liu (2002) , TEC from carrier phase measurements has relatively less noise. On the other hand, TEC from code pseudorange measurements is free of ambiguity but with relatively more noise. Hence, to solve this problem, a linear combination between carrier phase and pseudorange measurements has been employed. This combination is used to reduce the pseudorange noise by smoothing GPS pseudorange data with carrier phase measurements (Hansen et al. 2000) . The Sardon et al. (1994) approach of removing differential instrument biases was then followed for accurate TEC estimation. This is necessary because satellites and receivers for the GPS observables are biased on the instrumental delays (Norsuzila et al. 2009 ). Consequently, according to Klobuchar et al. (1996) , linearly combining both code pseudorange and carrier phase measurements for the same satellite pass is supposed to increase the accuracy of TEC. This resultant absolute TEC is the GPS-derived slant total electron content (STEC) along the signal path between the satellite and the receiver on the ground. To avoid a dependence of the STEC on the ray path geometry from the satellite to the receiver through the ionosphere, the STEC has to be converted to the vertical total electron content (VTEC). In addition, the VTEC is considered a more compact parameter for characterization of the TEC over a given receiver position and used as a good indicator for the overall ionization of Earth's ionosphere (Komjathy and Langley 1996) . Hence, using a mapping function, the STEC is converted to the VTEC by assuming that the ionosphere is equivalent to a thin shell encircling the Earth with the same center as that of the Earth (Mannucci et al. 1998) . Therefore, in terms of zenith angle χ ' at the ionospheric piercing point (IPP) and zenith angle χ at the receiver position on the ground, the relationship between STEC and VTEC can be given by:
Substituting Eq. (6) into Eq. (5) and rearranging, we get:
Here, R e is Earth's radius in kilometers and h m is the height of maximum electron density at the F2 peak, which is commonly taken to be 350 km (Mannucci et al. 1998; Norsuzila et al. 2009 ).
In addition to GPS, there are other empirical models that are very important for estimating ionospheric characteristics of a specific region at a specific time, latitude, and longitude, where measured values are not available. For instance, for successful radio communication, it is essential to predict the behavior of the ionospheric region that will affect a given radio communication circuit. Such a prediction can identify the time periods, path regions, and sections of high frequency bands that will allow or disrupt the use of the selected high frequency communication circuit. For such purposes, empirical models play a major role for the description of ionospheric conditions. Today, these models are used not only for long-term predictions but also for the real-time description of ionospheric conditions. One of the most widely used empirical models is the International Reference Ionosphere (IRI) model (Bilitza 1990; Rawer et al. 1978 ). The IRI model continually undergoes improvements when new data and new techniques are available and this process has resulted in several versions of the model. The first version was released in 1978, which was followed by progressively improved versions in 1986 , 1990 , and 1995 (Bilitza, 1990 Rawer et al. 1978) . A new version of the model (IRI-2012) was released in 2013. For a given location, time, and date, the IRI-2012 model provides the monthly average electron density, electron and ion temperature, ion composition, and electron content in an altitude range from about 50 to 2000 km (Bilitza et al. 2014 ; http://IRImodel.org).
Utilizing the model and GPS-TEC data, researchers have conducted numerous studies over various equatorial and low-latitude regions. Based on their findings, these researchers have stated their views concerning the TEC prediction performance of the model in specific ionospheric regions during specific times. Ezquer et al. (2014) (2014) and Tariku (2015) attempted to see patterns in both measured and modeled VTEC variations during low and high solar activity phases by considering eight GPS stations installed recently in different regions of Ethiopia. Asmare et al. (2014) showed that the model entirely overestimated both monthly and seasonal VTEC values during phases of low solar activity. In addition, the model performance in estimating diurnal VTEC variations was found to be better during low solar activity phases than during high solar activity phases. Abdu et al. (1996) , Kakinami et al. (2012) , Kumar et al. (2015), and McNamara (1985) attempted to describe the model's capacity to estimate the TEC in low-and mid-latitude regions. However, so far nobody has conducted a study to investigate patterns of VTEC variation over Ethiopian regions during the rising phase of solar cycle 24. As a result, in this study, diurnal, monthly, and seasonal VTEC variations, and the VTEC prediction capability of IRI-2012 are presented in the rising phase of solar cycle 24 (2009-2011) , using all three options for determining topside electron density.
Methods
The GPS-TEC data used in this study were derived from the dual-frequency GPS receiver stations shown in Fig. 1 during the period of 2009-2011. Table 1 also shows the geographic and geomagnetic coordinates and dip angles of the stations. The method proposed by Ciraolo et al. (2007) was used to calibrate the required GPS-TEC data obtained from the UNAVCO website (see http://facility.unavco.org/data/dai2/app/dai2.html). The data calibration process was carried out in 5-min intervals, and an elevation cut-off 20°was used to reduce the error emanating from multipath effects. The corresponding modeled VTEC values were produced by the IRI-2012 model using the three available options (NeQuick, IRI01, and IRI-2001) for topside electron density and ABT-2009 for bottomside thickness. The CCIR option was used for calculating the F2 peak density. For more information, see the model website (http://omniweb.gsfc.nasa.gov/vitmo/ iri2012-vitmo.html), accessed for the period of 3-12 June 2015.
To study the pattern of hour-to-hour variations of VTEC for each month while validating the model, magnetically quiet days (based on the availability of GPS-TEC data) representing each month were selected for 2010 from Robe station. Similarly, to compare the patterns of diurnal VTEC variations during the period of 2009-2011, TEC data from sample days representing the solstice and equinoctial months from Nazret station were employed. For monthly and seasonal VTEC variations, GPS and model TEC data collected at Bahir Dar station during 2010 and at Nazret station during 2009 and 2011 were considered. To study monthly VTEC variations and model performance during the period of 2009-2011, the hour-to-hour measured and modeled VTEC values were added and averaged for all magnetically quiet days in each month. Similar to the technique used for studying the monthly VTEC variations, the hour-to-hour VTEC values were added for each season and averaged for 2009, 2010, and 2011 , to observe the pattern of seasonal VTEC variations while validating the model. The seasons are classified as March equinox (February, March, and April), June solstice (May, June, and July), September equinox (August, September, and October), and December solstice (November, December, and January). For a clear validation of the model, the absolute differences between the diurnal, monthly, and seasonal GPS-VTEC data and the corresponding IRI-2012 VTEC values were determined. The differences were computed by subtracting the experimental VTEC values from the model data.
Results and discussion

Diurnal variation of VTEC and performance of the IRI-2012 model
The results for the diurnal VTEC variations are shown in Figs. 2, 3 , and 4. The hour-to-hour VTEC values attained their peak mostly between 1000 and 1300 UT (1300 and 1600 LT) and decreased in the nighttime hours, reaching a minimum after midnight around 0300 UT (0600 LT). In addition, the peak hour-to-hour values are enhanced in the equinoctial months and reach a The VTEC values were found to be well modeled for the after-midnight hours (0000-0300 UT, 0300-0600 LT). In general, the modeled VTEC values show good agreement for all months and seasons when the NeQuick and IRI01 options are used, especially for 2009 and 2010 (see Figs. 2, 3, and 4). As solar activity increases, the model with the IRI-2001 option tends to estimate the VTEC values well, especially for the noontime hours (see Fig. 4 ). Prior to this study, Kumar et al. (2014) showed that VTEC values derived from the IRI-2012 model with the NeQuick and IRI01 options for topside electron density are in a good agreement with the GPS VTEC values for 2010 over a low-latitude region in Singapore.
Some of the observed discrepancies between the experimental and modeled VTEC values, especially for the equinox months in the time interval between 0900 and 1300 UT (1200-1600 LT), could be due to differences in slab thickness between the model and experimental data (Gulyaeva et al. 2004; Nigussie et al. 2013; Rios et al. 2007 ). Sethi et al. 2011; Oyekola 2012) , the overestimation of daytime VTEC by the IRI-2012 model may be attributed to the model's overestimation of the equatorial vertical drift. Oyekola (2012), for instance, described a linkage between modeled TEC and vertical drift. It has been shown that the patterns of minimum diurnal IRI-model-predicted TEC observed in pre-sunrise hours for the four seasons almost coincides with the period when vertical drift reaches a predawn minimum over the equatorial region. This effect can be clearly observed in Figs. 2, 3 , and 4. The VTEC overestimation could also be due to a decrease of the flux of extreme ultraviolet (EUV) radiation (Kakinami et al. 2012) . As shown in Figs. 2, 3 , and 4, when the EUV flux increases around noontime, the overestimation capacity of the model decreases, especially when using the NeQuick and IRI01 options for the topside electron density. VTEC values by the model decreases as the Sun shifts from low to high solar activity (see Figs. 5, 6, and 7) . This could be due to a misrepresentation of solar activity trends in the IRI model for the height maximum of the F2 layer (hmF2) (Bilitza et al. 2012 ). According to their findings, the discrepancy in the IRI model increases when solar activity moves toward a solar minimum; however, good agreement between the IRI model and ionosonde data of the hmF2 is observed during solar maximum years. Hence, the authors conclude that the sunspot number (Rz12) is not a good index to describe ionospheric conditions during the solar minimum, particularly for the recent solar minimum, and they recommend using the ionospheric index (IG12) for the hmF2 model instead. Furthermore, Kakinami et al. (2012) describe that the overestimation of the TEC by the IRI model increases with a decrease of EUV irradiance (during low solar activity) and decreases with an increase of EUV (during high solar activity). As shown in Figs According to Johnson (1963) , Torr and Torr (1973) , and Rishbeth and Setty (1961) , the lowest VTEC observed during the June solstice is possibly due to the asymmetric heating of the two hemispheres, which results in transportation of neutral constituents from the summer to the winter hemisphere, thereby reducing the recombination rate (or lose of electrons). This may account for an increase of the electron concentration during the winter. Furthermore, Earth's magnetic field is believed to guide plasma from the summer to the winter hemisphere. The semi-annual plasma change at low latitudes is caused by semi-annual changes in neutral composition of the atmosphere. At solstice, the atmosphere is generally more mixed due to summer upwelling and winter downwelling, as well as transport of gases from the summer to the winter hemisphere. This can result in a lower ionization crest value during the summer solstice than during the winter solstice (Bhuyan and Borah 2007; Wu et al. 2004 ). 
Conclusions
Because of the unique geometry of the magnetic field near equatorial and low-latitude regions such as Ethiopia, the trans-ionospheric satellite communication system is affected by the accumulation of electrons in the upper atmosphere. In this paper, observed VTEC variations and the capacity of the IRI-2012 model to estimate diurnal, monthly, and seasonal VTEC variations over Ethiopian regions during the rising phase of solar cycle 24 (2009-2011) were discussed in detail. The results reveal that the highest diurnal VTEC peak values are generally observed during equinoctial months, while the lowest peak values are observed during the June solstice months. In addition, the highest and the lowest monthly VTEC values are observed during the equinoctial and the June solstice months, respectively. Although the model overestimates VTEC values for most hours, it generally performs well in estimating diurnal VTEC values, especially just after the midnight hours (0000-0300 UT, 0300-0600 LT). The monthly and seasonal modeled VTEC values are larger than the corresponding measured values for 2009 and 2010 when all topside options are used. However, as the Sun transitions from very low to high solar activity, overestimation of the monthly and seasonal VTEC values by the model decreases. This may be due to a misrepresentation of solar activity trends in the IRI hmF2 model. Consequently, the performance of the model in estimating the monthly and seasonal mean VTEC values improves with the change from relatively low (2009) to high (2011) solar activity. The overall results show that using the IRI-2012 model with the NeQuick option for the topside electron density is generally better in estimating diurnal, monthly, and seasonal VTEC variations.
